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ABSTRACT 
 
The well-established dependence of cell traction forces on the compliance of supporting matrices 
has been attributed to levels of force exerted on components in focal contacts. Here, use of novel, 
force-limited nanoscale tension gauges revealed that both force and substrate deformations 
govern cell decision-making during initial attachment to compliant substrates. We propose a 
mechanical model consistent with observed behavior. Upon formation of stable cell contacts, 
bond tension and tether rupture govern cell attachment, spreading, and focal adhesion maturation 
at force levels on individual receptors predicted by prior studies.  
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INTRODUCTION 
 
It is well established that cells sense substrate rigidity through integrin-based focal 
adhesions (FA) to extracellular matrix (ECM) proteins to regulate cell attachment, 
spreading, and focal adhesion maturation on compliant materials 
1-4
. Studies of cell 
spreading on nanopatterned and deformable substrates or micropillar arrays revealed 
cellular decision-making at different stages of spreading that was instructed by different 
biophysical triggers 
5-8
. The molecular origins of those biophysical cues, the forces 
involved, and their dependence on substrate rigidity are still subjects of intensive 
investigation, motivated in part by evidence that the underlying molecular events 
contribute to stem cell lineage specification and disease 
9-13
. 
 
Diverse studies revealed molecular and cellular processes that govern cell behavior at 
different stages of adhesion and spreading on soft versus rigid substrates. Initial ligation is 
sufficient to activate integrin clustering, without force application
14
. Studies suggested 
that tension generated by integrin-actomyosin engagement switches integrin-ligand cross-
links to a higher affinity, signaling-competent state that activates FA maturation 
14
. 
Substrate mechanics appears to alter the transition to the tensioned state 
4
; AFM data  
suggested that integrin-ligand bonds are weaker in cells on soft versus rigid substrates. 
Similarly, α5β1 integrin reportedly formed fewer, high affinity cross-links to ECM on 
softer gels 
14
. Stem cells on soft surfaces also exhibited greater α5 integrin activation 
relative to cells on rigid ECM, and the former coincided with greater integrin 
internalization 
9
. 
 
   Cell adhesion and spreading following initial integrin ligation is further postulated to 
occur in three phases governed by membrane tension and forces exerted on focal contacts 
5, 7
. In the initial attachment phase, P0, ligation activates integrins, but if there is 
insufficient tension to activate cell spreading, then cells remain rounded 
14, 15
. Tension on 
focal contacts activates the cell-spreading transition. An identified early phase of cell 
spreading (P1) involves rapid, circumferential extension of lamellipodia with only weak 
cell contractions 
7
. The extension of excess membrane increases membrane tension 
5
. 
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Upon reaching about 60% of the final spread area, myosin II activated contractions signal 
the transition to the contractile phase P2, which is characterized by periodic contractions, 
postulated rigidity sensing, and focal adhesion (FA) maturation. In some cases, the forces 
that actuate these changes were estimated using optical tweezers or measured changes in 
membrane tension 
5, 16
. However, determining the forces that activate cellular behavior 
typically involves external perturbations, and biophysical approaches often lack the 
sensitivity to quantify relevant cellular or molecular forces. 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic of the force response of TGTs on soft substrates. (A) Cell attachment to TGT 
modified hydrogels with elastic moduli of 13kPa (soft) and 22kPa (rigid). (B) Cells deform the 
substrates until the tension exceeds Ttol and the cells tear off the sensing strand (yellow jagged arrow). 
(C) DNA duplex tethers with tunable tension tolerance Ttol. The anchor DNA is covalently linked to 
the gel through polymerizable monomers (yellow triangles). The ‘reporter’ strand contains a 3’ Cy3 
dye (red circle) and the location of the RGD peptide along the strand (green pentagon) determines 
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The development of diverse autonomous, non invasive force reporters has enabled 
nanoscale in situ measurements of forces on mechanically stressed adhesion molecules 
17-
22
. Of the various molecular force sensors, Tension Gauge Tethers (TGTs) are novel force 
reporters that are based on a double stranded DNA backbone, in which the reporter strand 
is modified with an adhesion ligand and a fluorescent dye Cy3 (Fig. 1C) 
22
. If force 
exerted on the TGT exceeds the tension tolerance of the tether, cells tear the reporter 
strand off the substrate (Fig. 1B). The ligand position along the reporter strand determines 
the force threshold to rupture the dsDNA, or the tension tolerance, Ttol, which can be 
tuned from ~12pN to >100pN (Fig. 1C). The TGTs increase the dynamic range beyond, 
for example, force sensors based on spider silk protein 
20
. When anchored to substrates, 
TGTs cap the bond tension, and TGT rupture reports the force exerted on individual 
adhesive contacts. The Cy3 reporter can also be imaged at the single molecule level. 
 
This study used RGD-modified TGTs to investigate threshold forces on individual 
integrin-ligand bonds required to support cell attachment, and to initiate transitions 
activating cell spreading and focal adhesion maturation on soft and rigid hydrogel 
substrates. The TGTs reported pico Newton forces exerted on individual integrin bonds 
that support initial, stable cell attachment, as well as indicate force thresholds that instruct 
subsequent cell spreading transitions. Importantly, differences in cell attachment densities 
on soft and rigid surfaces modified with identical tension gauges revealed novel coupling 
between substrate rigidity and bond tension. The observed differences in force thresholds 
on soft versus rigid substrates could not be attributed to bond force alone. Here, we 
propose a phenomenological mechanical model that predicts how substrate deformations 
and bond rupture forces coordinately modulate tension thresholds that guide cellular 
behavior in different mechanical environments. 
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MATERIALS AND METHODS 
 
1. TGT synthesis. 
Integrin-binding TGTs were generated, by conjugating cyclic peptide RGDfK to one DNA 
strand of a rupturable dsDNA tether. The other strand of the dsDNA was labeled with an acrydite 
tag at a desired position, for tethering to the hydrogel (Fig. 1C). The position of the RGDfK on 
the dsDNA determines tension at which the tethers rupture. The complementary ssDNA was 
acrydite-labeled 5-Acrydite/GGC CCG CAG CGA CCA CCC-3. The ssDNAs were purchased 
from Integrated DNA technologies, Inc. The tension tolerance is determined by the position of 
the reactive ThioMC3 and fluorescent Cy3 label in the nucleic acid sequence. The ThioMC3 
positions in different TGTs with the indicated tension tolerance are given below:  
 
54 pN TGT: 5-/5ThioMC3-D/ GGG TGG TCG CTG CGG GCC /Cy3/-3 
33 pN TGT: 5-/5Cy3/GGGTGGTCGCT/iThioMC6-D/GCGGGCC/-3  
12 pN TGT: 5-/5Cy3/GGGTGGTCGCTGCGGGCC/3ThioMC3-D/ -3 
 
The cyclic peptide RGDfK-NH2 (catalog #: PCI-3696-PI) from Peptides International, Inc. 
RGDfK was conjugated to ThioMC3 on ssDNA using the hetero-bifunctional crosslinker Sulfo-
SMCC (22622, Thermo Fisher Scientific Inc.), which has reactive maleimide and NHS ester 
groups on the two ends. The maleimide reacted with the thiol-modified DNA and the NHS 
covalently coupled to the N-terminal amine on RGDfK. The RGDfK-DNA and acrydite-DNA 
were then annealed in ‘annealing buffer’ (150mM NaCl, 10mM Tris, PH 7.4) at room 
temperature. In Phosphate Buffered Saline (PBS) at pH 7.4, the melting temperature of the 
dsDNA tethers is 73 °C. 
 
The control, non rupturable tether was prepared by reacting a 3500 MW Acrylate PEG-NHS 
ester (JenKem Technology USA, Allen, TX) with RGDfK-NH2 at a molar ratio of 24:1 (PEG-
NHS: RGD-NH2), at room temperature in PBS at pH 8.0. Unreacted PEG-NHS was removed, 
using a 10K MW Pierce Concentrator PES (Thermo Scientific, Waltham, MA).  
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2. Hydrogel preparation and characterization. 
To generate hydrogels with different Young’s moduli, 7.5kDa PEG diacrylate macromers 
(Jenkem Technology) were mixed at 7 and 10 wt% in PBS, containing the TGT and 0.1% (w/v) 
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) as a photoinitiator (Fairbanks and 
Anseth, Biomaterials 2009, 30, 6702). The double ring structure of Cy3 sterically hinders 
reactivity of methacrylamide groups in the 54 pN probes, during photo polymerization with 
PEG-diacrylate. Therefore, the initial tether concentration was adjusted in the prepolymer 
solution to achieve 1.5 M of covalently bonded RGD for all samples. The initial TGT 
concentrations were 1.5 M (12pN), 1.2 M (33pN) and 2.2 M (54pN). The prepolymer 
solution was then pipetted into 1 mm thick, circular Teflon molds of 5 mm diameter and exposed 
to 10 mW/cm
2
 UV light (365 nm) for 90s at room temperature. The hydrogel disks were then 
detached from the mold and washed.  
 
Mechanical analyses of the resulting hydrogels were performed on water swollen hydrogel disks, 
at room temperature via an MTS Insight mechanical testing apparatus at a rate of 20% 
strain/min. The compressive modulus was determined from the linear region corresponding to 0-
5% strain. The relative tether concentrations bound to the hydrogels were determined from Cy3 
fluorescence measurements. The fluorescence intensity was quantified before and after washing, 
and different preparations were compared to assess the relative amounts of covalently bound 
TGTs on each of the hydrogels (Fig. S1). Imaging was performed using a Zeiss LSM 710 NLO 
laser scanning confocal microscope (Carl Zeiss, Thornwood, NY, USA). 
 
3. Cell culture and analyses. 
Cells were seeded on 8 different substrates with elastic moduli of 13 and 22 kPa that were 
surface modified with RGD-functionalized TGTs with tension tolerances of 12, 33, or 54 pN. 
The non rupturable PEG-RGD was used as the control for both substrates. These tether forces 
were selected according to previously published data that shows a cells adhesion threshold at 40 
pN. B16F1, CHOK1 and U87MG cell lines (from ATCC) were cultured in DMEM 
supplemented with 10% Fetal bovine serum (FBS) and penicillin/streptomycin (100 U/ml and 
100 mg/ml), at 37 °C in a 5% CO2 environment. Cells were passaged upon reaching confluence. 
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For cells cultured on hydrogels, cells were seeded on hydrogel disks at 1 million cells/ml 
concentration, and then incubated for 45min in culture medium at 37 °C, 5% CO2.  
 
Cell viability was assessed with a Live/Dead viability assay (Invitrogen) and laser scanning 
confocal microscopy (Zeiss LSM710). Prior to imaging, gels were incubated in PBS containing 4 
mM Calcein AM (em 515 nm, Invitrogen) to stain viable cells. The number of bound cells per 
area, on each TGT construct, was determined by manually counting the cells using the Image J 
(http://rsb.info.nih.gov/ij/) cell count plug in. 
 
Cell area was assessed with ImageJ (http://rsb.info.nih.gov/ij/) software, where the threshold of 
the images was manually set to 95% of the pixel intensity. The cells were selected with the Wand 
Function and the area was calculated using built-in area calculator.   
 
4. Focal adhesion imaging. 
Focal adhesions were visualized from immunofluorescence images of vinculin at the basal plane. 
Cells were fixed in 4% formaldehyde in PBS, permeabilized in 0.1% Triton X-100 and washed 
in PBS. Cells were blocked with blocking buffer (1w/v% BSA in PBS) for 1 hour at 37°C. Next, 
cells were incubated with anti-vinculin mouse monoclonal primary antibody in 1:150 dilution in 
blocking buffer (Sigma Aldrich Clone V9131) for 45 minutes at room temperature, washed with 
PBS, and then incubated with secondary antibody 1:500 dilution in blocking buffer  (AlexaFluor 
647 anti-mouse (goat 1GG); Invitrogen A21236). The focal adhesions at the basal plane were 
then imaged, using laser scanning confocal microscopy (model LSM 710; Carl Zeiss 
MicroImaging). 
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RESULTS 
 
1.Covalent TGT attachment on hydrogel substrates 
TGTs with tension tolerances of Ttol of 12pN, 33pN, and 54pN were coupled to substrates 
at similar densities, regardless of the substrate modulus. These Ttol values are below the 
rupture force of individual integrin-RGD bonds 
23
. Tuning the concentration of PEGDA 
in the pre-polymer solution altered the crosslinking density and the elastic modulus of the 
resulting hydrogels. Photopolymerized PEGDA solutions of 7 and 10 wt% yielded 
substrates with moduli of 13.1 ± 4.3 and 22.0 ± 2.1 kPa, respectively (Fig. 1A,B). Despite 
differences in cross-linking density, fluorescence analysis of the Cy3 reporter confirmed 
that the RGD density was similar on all hydrogels (p<0.05, N=3). The uniform 
fluorescence also indicated homogeneous tether coverage (Fig. S1).  
 
2. Cell attachment depends on both substrate stiffness and TGT tension tolerance 
Cell attachment was assessed for all combinations of gel stiffness and tension tolerance 
(Ttol). These DNA tethers differ in the position of force application along the dsDNA 
backbone, but have the same thermodynamic stability, length, and sequence (Fig. 1C). 
Due to the physics of the single TGT rupture, in which the self-limiting tension (tension 
tolerance, Ttol) is a determined, constant value, bond failure is independent of the gel 
network structure (i.e. mesh size).  
 
   After incubating cells with TGT-modified hydrogels for 45 min, we quantified cells 
remaining on the substrates (cell count), and observed whether they ruptured tethers (Fig. 
2). Two different mechanisms controlled cell attachment (cell counts), one being 
mechanical and the other biochemical. The mechanical mechanism involved TGT 
rupture, such that the cell count decreased with increased tether tear off. This mechanism 
was apparent from the dark patches (shadows) on substrates where tether tear-off 
removed Cy3 from the substrate. Cells often endocytosed the tethers and appeared red 
(Fig. S2). In the second, biochemically controlled mechanism, extensive tear off was not 
observed, but fewer cells remained attached. Tension stabilizes integrin bonds. Under 
conditions where the integrin-RGD bond tension was insufficient to stabilize focal 
 
 
8 
 
contacts, fewer cells remained attached, and there was no obvious TGT tear off.    
 
 
 
 
 
 
 
Figure 2A shows images of cells and substrates after B16F1 cells were incubated with the 
substrates for 45 min. On the more rigid 22kPa hydrogels, the attached cell density 
increased with the tension tolerance Ttol of the tether. No cells remained on substrates 
with 12pN TGTs, and there were numerous shadows on the substrate, indicative of 
extensive tether rupture (Fig. 2A, top left). The detection of Cy3 fluorescence on cells 
washed off the substrates (Fig. S2) was consistent with tether tear off and endocytosis. On 
33pN tethers (22kPa modulus), a few cells attached, and there was evidence of tether tear 
off. Numerous cells attached and TGT tear-off in the Cy3 images (Fig. S2C). These 
trends, and the lack of tear off at Ttol > 34pN agreed with reported cell adhesion on TGT-
coated glass 
22
. 
 
Figure 2. (A) Confocal images of adherent melanoma cells (B16F1) on compliant substrates with 
different elastic moduli and tension tolerance. Red designates Cy3 from the TGT and green indicates 
Calcein A cell staining (Live/Dead assay
®
). (B) Cell count as a function stiffness and tension for B16F1, 
(C) CHOK1 and (D) U87MG cells. Scale bar is 200 um. *p<0.05 compares cell counts on substrates with 
different stiffness and #p<0.05 compares different tether rupture forces (within same substrate stiffness). 
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Surprisingly, on the softer hydrogels (13kPa), cell counts exhibited the opposite trend; 
namely, cells adhered to all substrates, regardless of the tension tolerance, but the highest 
cell counts were on 12pN TGT-coated gels (Fig. 2B-D).                        
 
Images of Cy3 (561 nm) coverage on the substrates exhibited few detectable dark patches 
(Fig. S2C), and indicated that the low cell counts on 54pN TGTs were not due to TGT 
tear off. Tests with CHOK1 and U87MG cells were qualitatively similar, although the 
absolute cell densities differed quantitatively (p<0.05, N=3) (Fig. 2C-D, Fig. S3). 
 
To confirm that the inverse relationship between cell counts and Ttol on the softer gels 
was due to coupling between substrate rigidity and integrin bond tension, and not to lower 
ligand densities, we tested cell attachment and spreading with control, RGD-modified 
hydrogels. With 13kPa and 22kPa gels modified with the non-rupturable PEG-RGD 
ligand, more cells attached to the stiffer gel. This was as expected, based on reported 
positive feedback between integrin tension and the activation of a high affinity integrin 
state and cell spreading (Fig. 2) 
14
. The control measurements also confirmed that the low 
cell counts on soft, TGT-modified gels were not due to differences in ligand accessibility 
(Figs. 1A-D,S3).  
 
3. Substrate stiffness regulates cell attachment and spreading on intact TGTs. 
Both membrane and actomyosin-generated tension appear to influence integrin-mediated 
cell adhesion and spreading, but at different, distinct phases 
5, 7, 24
. To test whether the 
inability of cells to spread on and rupture 12pN TGTs on soft gels was due to arrested 
transitions to the spreading P1 and contractile P2 phases, we tested whether nascent focal 
adhesions formed on compliant, low Ttol, substrates, by imaging vinculin at the basal 
plane. Vinculin—an actin binding protein—is a common marker for FAs 25. Fig. 3A 
shows overlaid bright field and vinculin immunofluorescence images at the basal planes 
of cells on the different substrates. Vinculin staining was observed with cells on 54 pN 
tethers, regardless of the substrate stiffness (Figs. 3A). By contrast, although more cells 
remained attached to 12pN tethers on soft gels (than on 54pN tethers), cells remained 
round and there was no apparent vinculin staining (Fig. 3A). The latter behavior was 
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consistent with inability of cells to transition to the spreading P1 phase. Generally, cells 
spread more effectively on higher Ttol substrates, regardless of the gel stiffness (Table 
S1). However, the lack of spreading on 12pN substrates suggested that the spreading 
transition threshold lies between 12pN and 33pN, which is slightly lower than the 37pN 
estimated from membrane tension measurements 
5
.  
 
On 33pN tethers, integrin adhesions recruited vinculin on the stiffer 22kPa gels, but not 
on the soft gels. Thus, substrate rigidity reduced the tension cells exerted on individual 
33pN tethers, preventing both tether tear off and vinculin recruitment observed on 22kPa 
gels. 
 
Figure 3. (A) Confocal immunoflourescence images of vinculin at the basal plane of B16F1 cells on 
substrates of different stiffness and tension tolerance. Scale bar is 100 um. (B) Model of integrin 
activation (leading to vinculin recruitment) upon RGD binding. 
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DISCUSSION 
 
     These findings revealed nanoscale coupling between substrate stiffness and force 
thresholds underlying decision-making in cell adhesion and spreading. Notably, on rigid, 
glass substrates, cells ruptured 12pN tethers and detached; consequently, the 
unexpectedly greater cell attachment and lack of spreading on 12pN TGTs on soft gels 
exposed coupling between bond tension, substrate mechanics, and cell biochemistry. 
 
 
 
 
 
 
 
 
 
 
Figure 4. (A) Proposed model of a cell attached to a tether-hydrogel substrate. System deformations 
resulting in failure are uniquely defined by the combination of gel stiffness and TGT tear off force. (B) 
Force versus total displacement determined by the spring-lock system and resulting observed cell 
behavior. The slope of the force vs displacement curve is determined by the substrate stiffness. The force 
on individual bonds increases to the Ttol of the tether, indicated by the horizontal gold, dashed lines at 12, 
33, and 54pN. Above Ttol, the tethers fail. The substrate moduli determine the total system displacement 
(deformation) at the point of failure. Red, blue, and green correspond to different substrate moduli, and 
triangles, circles, and squares correspond to different Ttol. The different labels correspond to observed cell 
behavior observed for the different combinations of Ttol and substrate modulus. (C) B16F1 cell attachment 
to different substrates modified with 54 pN TGTs. Conditions indicated by numbers 1 and 2 are indicated 
in the graph in panel B. Scale bar 200 um. 
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Rigidity-dependent cell attachment and spreading are largely attributed to positive feed 
back between contractile forces exerted on integrins and substrate compliance 
4, 15, 26
. 
Increasing force on focal contacts is presumed to trigger biochemical changes underlying 
transitions in cell spreading and adhesion maturation, above threshold forces associated 
with force-activated changes in protein conformations and interactions 
5, 7, 27, 28
. An open 
question has been whether cellular decision-making depends solely on forces exerted by 
cells, and whether those cellular forces depend on the substrate compliance.  
 
To account for our findings, we proposed a mechano-chemical model that describes the 
system as a spring in series with a bolt, where the elastic substrate and TGTs are the 
spring and bolts, respectively (Fig. 4A). As the cell initially exerts force on substrates, 
through actin flow, membrane tension, or contractility, for example, it deforms the system 
(substrate and cell membrane) until the elastic restoring force - defined by Hookes law 
(Fdeform = ksub x) – equals Ttol. If the force on the TGTs exceeds Ttol, then the cell detaches, 
leaving a dark footprint where the Cy3 dye is removed. In our model, the substrate 
modulus determines the slope of the force-displacement curves (Fig. 4B), and the 
maximum displacement xmax at Ttol. Potential coupling between bond tension (Ttol), 
substrate compliance (deformations), and integrin biochemistry could shift cell 
attachment and spreading behavior, in unexpected ways. The surprising difference in the 
rigidity-dependent cell counts on 12pN versus 54pN tethers can be explained in the 
context of this model (Fig. 4A,B), and the corresponding decision tree is illustrated in Fig. 
5. On soft gels, smaller deformations on 12pN TGTs, relative to 54pN TGTs (Fig. 4B), 
would activate integrin-RGD ligation and clustering, resulting in ‘stable’ cell attachment. 
However, the capped forces are insufficient to activate the membrane-spreading phase P1, 
so that cells remain round (P0). The model also explains cell attachment to the stiff 12pN 
Ttol gels. On stiff gels, displacement fluctuations would generate greater force fluctuations 
and more frequent tether tear off (dark patches) (Fig. 2A). Small displacements may also 
instruct further increases in bond tension, and subsequent tether tear off. 
 
On 33pN tethers, the substrate stiffness appeared to alter the force threshold at which cells 
transitioned to the contractile P2 phase of cell spreading, as marked by vinculin 
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recruitment. Cells spread on both soft and rigid 33pN Ttol substrates, but only recruited 
vinculin to FAs on the rigid gels, despite the identical tether Ttol. In the context of our 
model, smaller deformations on the stiffer gels are postulated to instruct increased cell 
contractions and vinculin accumulation, and hence the transition to P2. 
 
With 54pN Ttol tethers, cells transitioned to P2 and recruited vinculin to FAs, but the 
substrate stiffness influenced whether cells attached stably and spread, or detached 
without TGT rupture. The lower cell density on softer ECM (13kPa) is consistent with the 
formation of weaker integrin bonds, more extensive β1 integrin internalization in cells on 
soft ECM 
9
, and forces below levels needed to stabilize integrin bonds 
29
.  
 
These analyses and the ‘decision-tree’ in Fig. 5 account for the inverse dependence of cell 
counts on Ttol on soft versus rigid gels. The inability of large deformations to activate 
increases in bond tension on soft, low Ttol (12 pN) substrates prevented spreading and 
tether tear off, resulting in higher densities of attached, rounded cells. 
At higher Ttol, cell attachment decreased due to tear off (33pN) and to the negative effects 
of stiffness on integrin affinity 
9
. On rigid substrates, small substrate deformations 
triggered increased contractility, so that tethers failed catastrophically, and cells detached, 
leaving footprints (Fig. S2). Thus, cell density increased with increasing Ttol. 
 
Our findings support the postulate that force thresholds instruct cell spreading, 
contraction, and FA maturation (Fig. 5), but also suggest that the substrate stiffness alters 
the force thresholds. Low or undetectable 12pN TGT tear-off on soft gels indicated that 
forces exerted by cells on surviving tethers were ≤12pN, and insufficient to activate 
spreading (P0P1). Cells spread on 33pN tethers on both soft and stiff hydrogels. The 
greater vinculin recruitment—associated with the putative transition to the contractile 
phase—on stiff gels suggested that the force threshold to activate cell contractions is 
~33pN. At higher Ttol, forces up to 54pN supported vinculin accumulation at focal 
adhesions on both soft and rigid gels, although more cells subsequently detached from the 
softer ECM. In the latter cases, the lack of tether tear off suggested that the force on the 
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nascent focal contacts was below 54pN. Interestingly, a recent tension sensor reported 
forces exceeding 100pN in mature FAs 
30
. 
  
  Measured spread cell areas (Table S1) agreed with another report of spread cell areas on 
different tension tolerant substrates 
31
. Cell spreading depends on both bond density and 
bond tension, and tether failure reduces bond density. Thus, reported spreading 
differences were likely due to combined effects of the bond tension capped by TGTs and 
surviving integrin bonds. Our findings indicated force thresholds for postulated spreading 
transitions, and also suggested that ECM stiffness alters those thresholds. This was 
apparent from the cell densities reported in this study that revealed coordinated influences 
of substrate deformations and receptor biochemistry (bond tension) on cell attachment 
stability and spreading transitions.    
 
The role of nanoscale deformations in cellular decision-making, as suggested by our 
model, is supported by the quantized displacements of arrayed micropillars, by attached 
cells. The quantized displacements appear to be due to tropomyosin-dependent, rigidity-
sensing units that operate during the contractile spreading phase 
32
. Studies using TGTs 
anchored to individual, end-grafted polymer chains of different extensibility suggested 
that this may not apply for individual receptor displacements.  
 
However, a likely explanation for the different conclusions is that collective deformations over 
larger membrane (and cytoskeletal) regions than individual ligands may be necessary for sensing 
ECM rigidity. Indeed, the spring constant for bulk substrate deformations ksub is related to the 
Young’s modulus (E) through the cross-sectional area (A) and the rest length L0 of the spring: 
ksub = E A / L0. The minimum integrin density required to support cell spreading also implies 
rigidity sensing through larger molecular assemblies 
8, 33
. Our results do not resolve this issue, 
but we note the differences in the experimental platforms used.       
 
Our proposed phenomenological model (Fig. 4A,B) also captures differences in strain 
rates, because larger deformations require longer times 
34
. Strain dynamics are 
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biochemically relevant because force sensing involves dynamic changes in biomolecular 
reactivity and protein conformations, as in the case of talin, as well as periodic 
contractions near the edges of spreading cells 
32, 35-37
. Similarly, integrin endocytosis on 
soft substrates involves dynamic biochemical processes as well as membrane 
deformations 
9
. The deformation rates relative to these processes could also instruct cell 
behavior. In summary, these autonomously-force-limiting TGTs exposed coupling 
between substrate mechanics and forces regulating cell attachment and spreading. We 
explain these results with a mechanical model in which coupled substrate deformations 
and bond rupture alter the force thresholds that regulate cell attachment and spreading on 
compliant matrices. 
 
 
 
 
 
 
 
Figure 5. Force and displacement instruct cellular decision-making during cell attachment, spreading 
and focal adhesion maturation. 
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Figure S1. (A) Fluorescence image of Cy3-labeled TGT constructs with different combinations of tension 
tolerance (12 - 54 pN) and hydrogel stiffness (13 - 22 kPa) after washing. (B) Fluorescence intensity is 
higher in more crosslinked networks due to restricted bond rotation by steric hindrance. TGT density was 
calibrated for all substrates and adjusted to tether reactivity during PEGDA photopolymerization. * p<0.05 
between different stiffness groups and #p<0.05 between different tether forces. 
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Figure S2. (A) B16F1 cells adhere or rupture 12 pN TGTs on more and less compliant surfaces 
respectively. (B) Confocal images of resulting washed B16F1 cells that are labelled with Cy3 from 
internalized ruptured RGD tethers. (C) Cy3 channel of surfaces with 54 pN TGTs and seeded 
B16F1 cells, where no shadows are observed. 
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Figure S3. Confocal images of adherent (A) ovary (CHOK1) and (B) glioma cells on soft 
substrates of different stiffness and tension tolerance. Red designates Cy3 from TGT and green 
Calcein A cell staining (Live/Dead assay
®
). Scale bar is 200 um. 
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Figure S4. Vinculin staining of B16F1 cells to show the recruitment of vinculin at focal adhesion on substrates 
of different combinations of stiffness and tension tolerance. (A) Scale bar is 100 mm. (B) Scale bar is 50 mm. 
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